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Shortstop Recruits EB1/APC1 and Promotes Microtubule
Assembly at the Muscle-Tendon Junction
Introduction
The microtubule (MT) cytoskeleton functions as an es-
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2-2-3 Minatojima-Minamimachi its association with the cell cortex is the Plakin family
Chuou-ku member Shortstop (Kakapo) [3–6]. Drosophila Shortstop
Kobe 650-0047 (Shot) is expressed in tissues exhibiting high levels of
Japan the MT array, including neurons, tendons, tracheal cells,
5 Research Institute of Molecular Pathology (IMP) and pupal wings. All shot mutations are embryonic lethal
Dr. Bohr Gasse 7 and exhibit a wide array of phenotypes, including the
Vienna 1030 arrest of neuronal and dendrite extension and reduced
Austria neuronal arborization at the neuromuscular junction, ab-
errant tendon cell differentiation, and wing blisters in
mutant clones [3, 5–7]. These diverse phenotypes sug-
gest that Shot is essential for a variety of morphogeneticSummary
processes. The precise activity of Shot in each process
and its connection to MT and microfilament (MF) net-Background: Shot (previously named Kakapo), is a Dro-
works are yet to be elucidated.sophila Plakin family member containing both Actin
Shortstop belongs to the Plakin family of proteins. Allbinding and microtubule binding domains. In Drosoph-
members of the family share a Plakin domain, and a fewila, it is required for a wide range of processes, including
contain additional domains including an Actin bindingaxon extension, dendrite formation, axonal terminal ar-
(ABD) and MT binding (GAS2/GAR22) domains, whichborization at the neuromuscular junction, tendon cell
are separated by a spacer consisting of multiple spectrindevelopment, and adhesion of wing epithelium.
and plectin repeats [8–10]. The ABD and MT bindingResults: To address how Shot exerts its activity at the
domains in MACF, the mammalian ortholog of Shot,molecular level, we investigated the molecular interac-
were shown to form direct interactions with MFs andtions of Shot with candidate proteins in mature larval
MTs, respectively [11]. An additional MT binding domaintendon cells. We show that Shot colocalizes with EB1/
within the Plakin domain has been described inAPC1 and with a compact microtubule array extending
between the muscle-tendon junction and the cuticle. BPAG1n3 and in MACF7. The mammalian Plakin domain
Shot forms a protein complex with EB1 via its C-terminal has been shown to be associated with membrane-asso-
EF-hands and GAS2-containing domains. In tendon ciated proteins. For example, the Plakin domain of
cells with reduced Shot activity, EB1/APC1 dissociate BPAG1e binds directly to the transmembrane protein
from the muscle-tendon junction, and the microtubule BPAG2 [12], and that of Plectin binds to the 4 integrin
array elongates. The resulting tendon cell, although as- subunit [13]. In Drosophila, both the ABD and the GAS2
sociated with the muscle and the cuticle ends, loses its domains were shown to be required for Shot’s function
stress resistance and elongates. in axonal extension, while, in tracheal cells, they are
Conclusions: Our results suggest that Shot mediates functionally redundant [14]. A direct binding between
tendon stress resistance by the organization of a com- the GAS2 domain and -tubulin has been demonstrated
pact microtubule network at the muscle-tendon junc- in a yeast two-hybrid assay [14].
tion. This is achieved by Shot association with the cyto- Several activities, including cross-linking between the
plasmic faces of the basal hemiadherens junction and different cytoskeletal networks [15], linking cytoskeletal
with the EB1/APC1 complex. elements to the plasma membrane [12], induction of
subdomains along the plasma membrane by clustering
membrane receptors [16], and serving as scaffolds that*Correspondence: lgvolk@wicc.weizmann.ac.il
Shot Recruits EB1/APC1 and Promotes MT Assembly
1087
recruit signaling proteins to sites of cytoskeleton activity APC1 was detected mainly along the Shot/MT junction-
associated domain (Figure 2). We could not conclude if[10], have been attributed to Plakin family members.
We wished to study the contribution of Shot to the EB1/APC1 accumulation favored the basal or apical
sides of the tendon cell, since the Shot/MT-rich domainunique cytoskeletal organization of tendon cells and to
their ability to resist muscle contraction. To differentiate is too narrow. APC2 was detected in the cell cytoplasm
and at the apical cell-cell adherens junctions (notbetween the requirement for Shot during embryonic ten-
don cell differentiation and its contribution to mature shown). Thus, in mature tendon cells, Shot, EB1, and
APC1 colocalize with the MT-rich domain that links the(larvae) tendon cell function, we analyzed the phenotype
of larval tendon cells in which Shot levels were reduced. muscle-tendon junction to the cuticle.
This was performed by the tendon-specific expression
of shot dsRNAi, which does not interfere with embryonic The Muscle and Tendon Cytoplasmic Faces
development. The molecular basis for Shot activity was of the Basal Hemiadherens Junction
dissected by expressing the distinct Shot domains in Are Molecularly Distinct
Schneider cells and in larval tendon cells. Our results The immunofluorescent localization studies described
implicate Shot in the formation of an essential compact above suggested a distinct abundance of MTs and MFs
MT network extending between the muscle-tendon at both sides of the muscle-tendon junction. While MFs
junction and the cuticle. This MT array is organized by are highly enriched at the muscle side, MTs are detected
Shot association with both the junction and cuticle do- mainly at the tendon side. To address whether this orga-
mains and with the EB1/APC1 complex and is essential nization reflects differences in the distribution of addi-
for tendon cells to resist the contractile forces of the tional junction-associated proteins, we stained the larval
muscle. flat preps for PS-integrin, Paxillin, and for P-tyrosine
and analyzed their relative distribution at the focal plane
of the muscle-tendon junction. In all preparations, ShotResults
marked the outlines of the tendon cell. About half of the
PS-integrin staining overlapped Shot staining, whereasLarvae Tendon Cells Exhibit a Unique Compact
MT Domain, Extending from the Muscle-Tendon the other half is located at the muscle membrane (Fig-
ures 3A–3C). Paxillin was more abundant on the muscleJunction to the Cuticle
Tendon cells undergo maturation during larval stages. In side (Figures 3D–3F). Interestingly, staining for P-tyro-
sine, which marks the extent of tyrosine-phosphorylatedthird instar larvae, different tendon cells acquire distinct
shapes according to their orientation and the type of proteins (including Paxillin, Src, and others) was re-
stricted to the tendon side of the junction and was tightlymuscles to which they are connected. We first charac-
terized the localization of Shot relative to MT and F-actin associated with the plasma membrane (Figures 3G–3I).
Thus, although PS-integrin distribution appears to beorganization in mature tendon cells of flat, opened third
instar larvae. Shot and Tubulin staining overlapped equal at both sides of the muscle-tendon hemiadherens
junction, the molecular composition on both sides ofwithin the entire cell. A unique domain at the focal plane
of the muscle-tendon junction exhibited a compact MT these junctions appears to be distinct, as demonstrated
for EB1, APC1, Paxillin, and the extent of P-tyrosinearray, which overlapped Shot staining (Figures 1A–1D).
This domain was not detected when the optical section reactivity. It is tempting to speculate that these unequal
protein distributions might relate to the enrichment ofwas taken 0.5 m more internal to the junction focal
plane (Figures 1E–1H). An optical cross-section perpen- MTs and Shot on the tendon cell side.
dicular to the muscle-tendon junction site showed that
the MT-Shot array extends from the muscle-tendon Shot Structural Domain Localization
junction to the cuticle (Figures 1I–1M). Moreover, the in the Tendon Cell
MT array is oriented in the same direction as the microfil- The Shot protein contains distinct structural domains,
aments of the muscle cells, as shown by EM analysis which are highly conserved. We produced transgenic
(Figures 1N and 1O). Thus, Shot and MTs are colocalized flies carrying the different domains of Shot tagged with
within a unique subcellular domain in the tendon cell that GFP or with the TAP tag [19] to study the molecular
connects the muscle-tendon junction and the cuticle. nature and specific protein-protein interactions of each
domain. The following domains were studied in this
manner: the Actin-Plakin domain containing both theEB1 and APC1 Colocalize with
the Shot/MT-Rich Domain Actin binding and the Plakin domains (amino acids [aa]
1–1202 of the A long form); the Plakin domain alone (aaTo further characterize the composition of the Shot/
MT domain of the muscle-tendon junction, we double 379–1202); and the C-terminal domain containing the
EF-hands and the GAS2 domains (aa 4842–5272). Thelabeled flat, opened third instar larvae for Shot and addi-
tional MT-associated proteins EB1, APC1, and APC2. expression of these domains was driven by stripe-gal4
to tendon cells, and their localization was compared toEB1 is an evolutionarily conserved protein that binds
the plus ends of growing MTs [2]. EB1 and APC were that of Shot, Tubulin, and F-actin. We found that both
the Actin-Plakin-GFP (APG) and the EF-hands-GAS2-shown to form a protein complex [17], which may be
essential for linking MTs to the cell cortex [1, 18]. In the GFP (EGG) fusion proteins showed specific localization
at the Shot/MT-rich domain (Figures 4A–4P). In contrast,larval tendon cell, the localization of EB1 followed that
of Shot and was highly concentrated along the Shot/ the Plakin domain did not show specific subcellular dis-
tribution (Figures 4Q–4T). It was noted that, while theMT-rich domain (Figure 2). Similarly, the localization of
Current Biology
1088
Figure 1. Shot Is Detected at a Unique MT-Rich Domain that Links the Muscle-Tendon Hemiadherence Junction and the Cuticle
(A–O) Lateral transverse muscle and its specific tendon cell are shown in a flat preparation of third instar larvae labeled with (A, E, and J)
Shot, (B, F, and K) Phalloidin, and (C, G, and L) Tubulin. (D) and (H) are merged images of (A)–(C) and (E)–(G), respectively (staining is as
follows: Shot in green, Actin in red, and Tubulin in blue). (A)–(D) show an optical section taken at the level of the muscle-tendon junction
exhibiting the Shot/MT-rich domain, while (E)–(H) are optical sections taken 0.5 m more internally, showing the tendon cell body. The outlines
of the tendon and muscle cells are indicated by a white line. An (J–M) optical cross-section marked by the white line in the (I) muscle-tendon
preparation detects an intense Shot/Tubulin staining in between the muscle-tendon junction and the cuticle (marked by a white line). (N) EM
analysis of a cross-section of a similar preparation shows an intense array of MTs stretched between the muscle-tendon hemiadherence
junction (HAJ) and the cuticle. The area outlined by the rectangle in (N) is shown at a higher magnification below. (N) Note that the orientation
of the MTs is similar to the orientation of the MFs at the muscle side, as indicated in the EM micrograph. (O) A scheme showing the orientation
of the Shot/MT-rich domain, which is also marked by two arrows in (A)–(D), (I), and (M). The scale bar in (I) represents 10 m, and the scale
bar in (N) represents 0.8 m. The arrowhead in (O) represents the plane of view in (A)–(I).
EF-GAS2-GFP domain overlapped with both the MT and cells (Figure 5C, bottom panels). In contrast, the Actin-
Plakin-GFP did not overlap EB1 staining and was local-the Actin-rich domains (Figures 4A–4D and 4I–4L), the
Actin-Plakin-GFP domain overlapped the Actin layer ized at the leading edge of the cell (Figure 5C, upper
panels). Both, the immunoprecipitation and fluorescentand only partially overlapped the MT domain (Figures
4E–4H and 4M–4P). In addition, the Actin-Plakin-GFP labeling indicate that the C-terminal domain of Shot is
associated with EB1 in an MT-independent manner.appeared to be localized to the tendon cell nucleus;
this localization presumably reflects cleaved GFP that To examine the association of each of the Shot do-
mains with polymerized MTs, we first induced MT depo-generally targets to the nuclei. These studies suggest
that the Actin-Plakin and the EF-GAS2 domains contain lymerization in the soluble protein extract fraction of the
transfected Schneider cells, removed remaining poly-enough information for their proper localization at the
muscle-tendon junction. merized MTs and additional protein aggregates by high-
speed centrifugation (140,000  g), and then inducedTo further elucidate the association of each domain
with MT and MT-associated proteins, we expressed the MT repolymerization followed by precipitation (centrifu-
gation at 80,000 g). Most of the proteins were removedthree domains fused to the TAP tag in transfected
Schneider SR cells and looked for specific interaction following the first round of high-speed centrifugation,
as revealed by staining (see the Supplemental Datawith endogenous EB1 and MTs. Following precipitation
of the TAP constructs, we performed Western blot analy- available with this article online). The distribution of the
different Shot domains was analyzed in the polymerizedsis with EB1 antibodies. We found that the C-terminal
domain containing the EF-hands and GAS2 (EGT), but MT fraction versus the supernatant fraction (containing
Tubulin monomers). The EGT and APT constructs pre-not the Actin-Plakin-TAP (APT) or the Plakin-TAP (PT),
proteins coprecipitated specifically with EB1 (Figure 5A). cipitated with the polymerized MTs, while PT was de-
tected in both fractions (Figure 5B). We have performedSince we did not detect a Tubulin band in any of the
precipitated fractions (Figure 5A), we concluded that the a second round of MT depolymerization/polymerization
followed by Western analysis with rabbit IgG and couldassociation between EB1 and the C-terminal domain
(EGT) is MT independent. Immunofluorescent staining identify again the three Shot domains in the pellet. This
argues against the possibility that the C-terminal domainindicated that both the EF-GAS2-GFP protein and EB1
colocalized along MTs in the transfected Schneider SR fragment becomes insoluble in the conditions used for
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Figure 2. Shot Overlaps with EB1 and APC1 at the MT-Rich Domain
(A–F) Lateral transverse muscle and its specific tendon cell are
shown in a flat preparation of third instar larvae labeled with (A and
D) Shot (red), (B) EB1 (green), or (E) APC1 (green). (C) and (F) are
the merged images of Shot/EB1 or Shot/APC1, respectively. Both
EB1 and APC1 overlap Shot at the junction-associated MT-rich
domain (arrows).
Figure 3. Basal Hemiadherens Junction-Associated Proteins Par-
tially Overlap the Shot-Rich Domain
MT polymerization. Thus, in addition to the MT-indepen-
Lateral transverse muscle and its specific tendon cell are shown in
dent association of the EF-GAS2 domain with EB1, all larval flat preparations.
three domains exhibited a higher affinity to polymerized (A–C) (A) Shot (red), (B) PS-integrin (green), and (C) merged.
(D–F) (D) Shot (red), (E) Paxillin (green), and (F) merged.MTs than to the Tubulin monomers. The multiple bands,
(G–I) (G) Shot (red), (H) P-tyrosine (green), and (I) merged.which appear in the IgG precipitate (Figure 5A) and in
The Shot-rich domain (arrows) overlaps with half of the PS-integrinthe MT precipitate (Figure 5B), are due to degradation
domain. Paxillin is detected in a wider domain at the muscle side andof the TAP fusion proteins.
overlaps with Shot close to the muscle-tendon junction. P-tyrosine
We were unable to extract significant amounts of the staining is restricted to the tendon side and overlaps Shot staining
Shot-TAP fusion proteins from larvae tendon cells in a narrow stripe close to the muscle-tendon junction.
(driven by stripe-gal4), presumably due to their poor
solubility in the mild conditions used to retain their pro-
formation of wing blisters in 100% of the progeny (our
tein-protein interactions (1% NP-40 buffer). Thus, we
observations, not shown).
could not test for Shot coprecipitation with EB1 or APC1
The shot dsRNA was driven by the combination of
in larval tendon cells.
stripe-gal4 and 24B drivers (stripe-gal4 is tendon spe-
cific, and 24B drives expression in muscles and in
tendon cells). The larvae carrying the shotsf20 and theLarval Tendon Cells with Reduced Functional Shot
Lose the Compact Shot/MT-Rich Domain tendon-specific shot dsRNA contain, in addition, UAS-
CD8-GFP, so that the larvae carrying the dsRNA can beand Elongate
To analyze the requirement of shot for the development identified. Although Shot protein was detected in these
larvae by immunofluorescent staining, its functional lev-of mature tendon cells, we expressed dsRNA of shot in
animals heterozygous for a mutant shot allele (shotsf20, els were significantly reduced. Due to this reduction,
the larvae do not grow, remain at the first and seconda strong EMS-induced allele). Several lines of evidence
suggest the specificity of the effect of shot dsRNA. First, instar larval stages for a few days, and eventually die.
Analysis of the tendon cells of these larvae showed thatubiquitous expression of the dsRNA of shot by using
general drivers such as actin-, tubulin-, da-gal4 caused they lost their compact morphology and became very
elongated (often three to four times the length of thesignificant reduction of Shot levels (visualized by immu-
nofluorescent staining, see the Supplemental Data) and wild-type tendon cell). However, their association with
the muscle and with the cuticle was maintained (Figurewas lethal. Second, specific expression of shot dsRNA
in the wing (driven by the wing-specific MS1096-gal4 6). Shot localization was split into two domains, at the
muscle-tendon junction and at the apical cuticle region.driver) phenocopied shot mutant clones and led to the
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Tendon association with the muscle is not affected, sug-
gesting that the PS-integrin-mediated adhesion has not
been significantly affected.
EB1 and APC1 Dissociate from the Muscle-
Tendon Junction in shot Mutant Tendon Cells
The dissociation of the MTs from the Shot-rich domain
raised the possibility that reducing functional Shot levels
affected the localization of EB1 and APC1. To address
this issue, we analyzed the localization of both proteins
in the mutant larvae. We find that localization of both
EB1 and APC1 is not detected anymore at the Shot-rich
domains, either at the muscle-tendon junction or at the
cuticle side (Figures 7A–7F). The staining of EB1 can
still be detected in the middle of the tendon cell, while
APC1 levels are significantly reduced. The mislocaliza-
tion of EB1 and the reduced APC1 levels may result
from their direct dissociation from Shot, or alternatively
it may follow the MT disassembly. PS-integrin levels
and its subcellular localization at the muscle-tendon
junction domain were not altered in these tendon cells
(Figures 7G–7I); this finding suggests that the muscle-
tendon junction has been maintained.
Thus, the concomitant dissociation of EB1/APC1 from
the Shot-rich domains and MT elongation, together with
the association of Shot with EB1 (described above),
support the idea that the compact arrangement of MTs
at the muscle-tendon junction depends primarily on
EB1/APC1 association with Shot. The eventual disap-
pearance of MTs detected in some of the mutant tendon
cells suggests that MT association with the mutant shot
is significantly reduced. We therefore conclude that the
primary role of Shot in the larvae tendon cells is to create
Figure 4. Distinct Subcellular Distribution of the Different Shot Do- a link between the EB1/APC1 complex and the muscle-
mains in the Tendon Cell tendon junction; this link thereby allows the unique com-
(A–T) Tendon cells expressing (A–D, I–L) EF-GAS2-GFP (EGG), (E–H, pact assembly of MTs in between these poles.
M–P) Actin-Plakin-GFP (APG), or (Q–T) Plakin-TAP (PT) and labeled
for (B, F, J, N, and R) Shot and for either (C and G) Tubulin or (K,
DiscussionO, and S) Phalloidin. (D), (H), (L), (P), and (T) are the respective
merged images (the labeling is as follows: green represents EGG,
APG and PT; blue represents Shot; red represents Tubulin in [A]–[H] Shot exhibits a wide array of embryonic phenotypes in
and Actin in [I]–[T]). PT is labeled with rabbit IgG. The outlines of different tissues. Here, we show that in mature tendon
the tendon cells are marked by a white line. The EF-GAS2 domain
cells, Shot is essential to organize and maintain aoverlapped both Tubulin and Actin staining. The Actin-Plakin domain
unique, compact, MT-rich domain linking the muscle-overlapped Actin staining, while it only partially overlapped Tubulin
tendon junction and the cuticle. This domain confersstaining. The Plakin domain did not show specific subcellular distri-
bution. The cells in (A)–(H) are tendon cells connected to the lateral resistance properties to the tendon cells and allows
transverse muscles. The cells in (I)–(T) are tendon cells connecting them to transfer physical stress of contracting muscles
the ventral oblique muscles. The muscle cells are always oriented onto the exoskeleton. Our data suggest that Shot might
to the right.
carry out this task by recruiting EB1 and APC1 to the
muscle-tendon junction.
Despite the detection of Shot at these sites, the levels
of MTs at these sites were greatly reduced (Figure 6H). Shot Recruits EB1 and APC1 into
the Muscle-Tendon JunctionOften, MTs were significantly elongated in the mutant
tendon cell (Figures 6E and 6Q). Interestingly, ectopic EB1 is an evolutionarily conserved protein that binds
the plus ends of growing MTs. It was first identified asActin filaments were formed and detected between the
cuticle and the muscle-tendon junction domains (Fig- a binding partner for the adenomatous polyposis coli
tumor suppressor, APC [17]. The EB1/APC complex isures 6N and 6R). These Actin bundles were independent
of MT presence and were detected in cells in which involved in regulation of MT polymerization and MT as-
sociation with distinct subcellular domains. For exam-MTs were still observed (Figures 6P–6R). The elongated
morphology of the mutant tendon cell appears as ple, in yeast, the EB1 homolog (BIM1) has been shown
to modulate MT dynamics and link MTs to the cortexthough, upon muscle contraction, the tendon cell loses
its resistance to the force applied by the muscle, pre- [1]. Drosophila EB1 is important for the proper assembly,
dynamics, and positioning of the mitotic spindle [20].sumably due to the lack of the MT compact domain.
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Figure 5. The Different Shot Domains Exhibit
Differential Association with EB1 and MTs
(A) The EF-GAS2 domain coprecipitates with
EB1. Protein extracts from Schneider cells
transfected with each of the three Shot do-
mains fused to the TAP tag (APT, PT, and
EGT) were incubated with IgG bound beads.
Following extensive washes, the bound
beads were boiled in sample buffer and were
analyzed by Western analysis with rabbit IgG
(upper panels), with anti-EB1 antibody (mid-
dle panel), or with anti-Tubulin (lower panel).
The left boxes represent the crude extract
before precipitation. Equal levels of EB1 and
Tubulin are detected in all samples. The right
boxes represent the IgG-precipitated mate-
rial showing no Tubulin bands and a specific
EB1 band only in the EGT bound beads. The
multiple bands of the Shot-TAP proteins are
due to protein degradation.
(B) All domains preferentially associate with
polymerized microtubules. Protein extracts
from Schneider cells transfected with APT,
PT, and GT were obtained, incubated in ice
to depolymerize all MTs, and cleared by ultra-
centrifugation. The soluble fraction was al-
lowed to polymerize in the presence of GTP
and was then separated from the soluble frac-
tion by ultracentrifugation. Western analysis
with rabbit IgG detected the content of the
Shot domains. EGT, APT, and to some extent
PT are detected in the MT-polymerized
fraction.
(C) EGT colocalizes with EB1 in transfected
Schneider cells. Schneider cells transfected
with Actin-Plakin-GFP (APG) (upper row) or
with EF-GAS2-GFP (EGG) (lower row) fixed
and labeled with anti-EB1 (red). Their cor-
responding merged images are shown.
Note that APG does not overlap with EB1,
while EGG almost completely overlaps EB1
staining.
Its association with APC2 in apical cell-cell adherens detected even in the absence of EB1/APC1); hence, we
suggest that EB1 and APC1 become associated withjunctions is suggested to be essential for parallel spindle
orientation [18] and for neuroblast asymmetric cell di- the muscle-tendon basal hemiadherens junction in post-
mitotic tendon cells following their association withvision.
Our biochemical data suggest that the association of Shot. The assembly of the MT-rich domain may be in-
duced by either their direct association with Shot or withthe C-terminal EF-GAS2 domain with EB1 is MT inde-
pendent. A direct physical interaction between the EB1/APC1, or with both. Interestingly, EB1, APC1, and
Shot are not observed at the cell-cell adherens junctionsC-terminal EF-GAS2 domain and -tubulin had been
suggested by a yeast two-hybrid screen [14] and by the formed between the tendon cell and its neighboring
ectodermal cells (data not shown).ability to precipitate purified Tubulin by the GAR and
GSR domains (both included within the C terminus of We do not have direct evidence for the polarity of
MTs within the compact Shot/MT-rich domain, as wethe mammalian ACF7). These domains lack the EF-
hands motif [11]. We detect EB1 in association with the were unable to detect differential EB1 localization in this
domain. Other studies suggested that MTs in the entireentire Shot C-terminal domain containing EF-hands. At
this stage, no additional information is available regard- epidermis are arranged at a polar orientation in which
their plus ends face the basal pole and their minus endsing the site responsible for EB1 association.
Our data suggest that Shot association with the basal face the cuticle [21]. Similarly, in the pupal wing, MTs
were shown to be arranged with their plus ends facingmuscle-tendon junction is EB1 independent (since it is
Current Biology
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Figure 6. Reduced Shot Activity in Tendon Cells Leads to Elongation of MTs, Ectopic Actin Bundles, and Altered Morphology
(A–R) Tendon cells of the lateral transverse muscles of first and second instar larvae of (A–C, J–L) wild-type or of (D–F, G–I, M–N, and P–R)
mutants heterozygous for shotsf20 and expressing shot dsRNAi. (B, E, H, and Q) Tubulin staining (green) and (C, F, G, L, and O) Shot staining
(red) are indicated. Actin is labeled with Phalloidin (green in [K] and [N]; red in [R]). Merged images are: A, (B  C); D, (E  F); I, (G  H); J,
(K  L); M, (N  O); and P, (Q  R). The outlines of the tendon cells are marked by a white line. The muscles are at the right side. The scale
bar indicates 10 m. Note the change in the morphology of the shot mutant tendon cells (compare [D] to [A] and [M] to [J]), the split between
the two Shot domains (compare [F] to [C] and [O] to [L]), the elongation of the MTs (compare [E] to [B]), and the ectopic Actin staining
(compare [N] and [R] to [K]).
the basal hemiadherens junctions [22]. Thus, it is likely Shot Is Essential for Compact MT Organization
Our experiments show that reduced Shot activity leadsthat in the tendon cells (which are part of the epidermal
layer), MTs are similarly arranged, i.e., with their plus to a significant tendon cell elongation, occurring pre-
sumably following muscle contractions. What is theends facing the basal hemiadherens junction.
Figure 7. Reduced Shot Activity Leads to the
Dissociation of EB1 and APC1 from the Mus-
cle-Tendon Junction
Lateral transverse muscles of flat prepara-
tions of first and second instar larvae hetero-
zygous for shotsf20 and expressing shot
dsRNA.
(A–C) Larvae labeled for (B) Shot (red) and (C)
EB1 (green).
(D–F) Larvae labeled for (E) Shot (red) and (F)
APC1 (green).
(G–I) Larvae labeled for (H) Shot (red) and (I)
PS-integrin (green).
(A), (D), and (G) are their merged images, re-
spectively. While PS-integrin at the muscle-
tendon junction is detected at both the mus-
cle and tendon cell plasma membranes and
overlaps Shot at the tendon cell side, EB1
and APC1 dissociate from the muscle-tendon
junction and cuticle sides.
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mechanism allowing the MTs to elongate in the mutant in ACF-7 (similar to the Plakin domain) was shown to
be associated with MTs in the transfected cells [11, 15],tendon cell? An interesting possibility is that the MTs
are connected to the muscle-tendon junction through while the Shot-Plakin domain did not exhibit significant
association with MTs (not shown). These differencestheir plus ends via their association with EB1 and Shot,
and that this arrangement arrests further MT polymeriza- may reflect differential distribution of yet uncharacter-
ized ACF-7 binding proteins within the mammalian cells.tion and maintains the MTs in a polarized arrangement.
Following dissociation of the Shot/EB1/APC1 complex
and the reduction of Shot activity, MTs undergo further
Shot Induces Inverse Correlationpolymerization and extension, leading to the significant
between F-Actin and MTselongation of the tendon cell. The newly formed MTs
What could be the connection between Shot activityare not well connected to the cell cortex, thus leading
and reduced F-actin content? Recent studies suggestto cell breakdown upon further muscle contraction, a
that MT disassembly activates Rho by the release ofphenotype that was described previously [6]. Support
GEFs that are specifically associated with and inhibitedfor the involvement of Shot in mediating MT-polarized
by MTs [24]. In tendon cells, we did not detect a uniqueorganization emerges from recent analysis of Shot func-
association of GEF (Pebble) or Rho with the MT-richtion in Mushroom Body neurons of the Drosophila adult
domain. Therefore, the relevance of these factors is notbrain [23]. Distinct Nod-gal reactivity suggests that MT
clear. Recently, it was shown that in Drosophila embry-polarity within the axons is distinct from that of dendrites
onic tracheal cells, activated RhoA mimicked the Shotin wild-type Mushroom Body neurons. In neurons mu-
loss-of-function phenotype [25]; this finding suggests atant for shot, the polarity of MTs in the axons is reversed
similar inverse correlation between Actin polymerizationand resembles that of dendrites.
by RhoA and the loss of shot function. Thus, the activityShot may perform a similar function in the organization
of Shot in organizing MTs to special subcellular sitesof a compact and polarized array of MTs in the adult
via its association with EB1/APC1, and the inhibition ofwing epithelium, as well as within the ligament cells of
F-actin in these sites, may be relevant to other tissuesembryonic sensory chordotonal organs.
in which Shot plays an essential role.
Molecular Aspects of Shot Activity
ConclusionsOur studies with the different Shot domains show that
The MT network is essential for a wide array of cellularthe Actin binding domain, but not the Plakin domain, is
functions. Shot, a multidomain Plakin family member, iscapable of driving specific localization of both domains
essential for arranging a compact network of MTs into the F-actin layer at the muscle-tendon junction. The
tendon cells. This is achieved by the association of Shotthin Actin layer at the muscle-tendon junction may there-
with the cytoplasmic faces of the muscle-tendon junc-fore be essential for the recruitment of Shot into the
tion and presumably by the subsequent recruitment ofcytoplasmic faces of the hemiadherens domains. The
the EB1/APC1 complex to these sites. In tendon cells,C terminus containing the EF-hands and GAS2 domains
this unique MT organization is essential to resist muscleis also capable of localizing at the muscle-tendon junc-
contraction.tion domain. This localization may be attributed to its
association with endogenous EB1, as well as with MTs
that are already arranged in the larval tendon cells, or Experimental Procedures
with endogenous Shot. The Plakin domain on its own
Fly Strainsdid not show specific subcellular localization, sug-
The flies used in this study were uas-dskakRNA, uas-actin plakingesting that it does not bind to proteins that are highly
TAP (APT), uas-plakin TAP (PT), uas-EF-GAS2 TAP (EGT), uas-actin
localized in the tendon cell. Alternatively, proteins that plakin GFP (PG), and uas-EF-GAS2GFP (GG), all produced in our lab.
may form a complex with this domain may be engaged actin-gal4 and uas-cd8::GFP were obtained from the Bloomington
in existing protein complexes and therefore are not ac- stock center. kaksf20 was obtained from A. Prokop (Mainz, Germany),
and stripe-gal4 was obtained from G. Morata (Madrid, Spain). Thecessible to the exogenous Plakin protein. None of the
lines kaksf20; cd8-GFP and stripe gal4; 24B were generated by stan-domains showed a dominant-negative effect when over-
dard genetic recombination.expressed in tendon cells or in wing imaginal discs; this
finding suggests that the proteins to which they bind
are not present in limited amount. Immunochemical Reagents for Immunofluorescence
and Western AnalysisInterestingly, in larvae tendon cells, both the Actin-
The antibodies used in this study included Guinea pig anti-KakapoPlakin domain and the C-terminal EF-GAS2 domain ex-
polyclonal antibody [4], rat anti--Tubulin antibody (Serotechhibited similar distribution. When transfected into
MCA78S), mouse anti-DEB1 (generated against a C-terminal peptide
Schneider cells, each domain showed a distinct subcel- [C-PDDAPPEDEEY] chemically coupled to keyholelimpet hemocya-
lular localization. The Actin-Plakin-GFP was detected at nin), rat anti-Pebble (Drosophila GEF) antibody [26], mouse anti-
Rho1 [27], rabbit anti-DAPC2 [28], rabbit anti-DAPC1 [29], rabbitthe leading edge and in most cases did not overlap
anti-DPxn (Paxillin) [30], rabbit Immunoglobin G (Sigma), mouse anti-EB1, while the EF-GAS2 domain overlapped EB1 and
Phosphotyrosine antibody (Transduction Laboratories), and mousedecorated MTs. Similar studies with Drosophila Shot
anti-GFP antibody (Roche Diagnostics). Secondary antibodies con-and ACF-7, the mammalian Shot ortholog, showed that
jugated with Cy3, Cy5, and FITC raised against guinea pig, rat,
the Actin binding domain and the EF-GAS2 domain were mouse, and rabbit were purchased from Jackson ImmunoResearch
associated with Actin MFs and with MTs, respectively, Laboratories. Phalloidin, conjugated with TRITC (Sigma), was used
for staining F-actin.in transfected cells [11, 14, 15]. However, the M1 domain
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Schneider Cell Transfections and Staining of the manuscript. This work was supported by the German-Israeli
Fund (GIF I-0581-073.13/98) (T.V. and A.P.) and by Minerva (T.V.).Schneider S2,SR cells (5  106 cells) were transiently transfected
with APT, PT, and GT constructs by using the calcium phosphate
method as described previously [31]. The transfected cells were Received: January 27, 2003
incubated for 24 hr before use for protein extraction. Revised: March 27, 2003
For staining, cells were plated on coverslips, fixed (95% cold Accepted: April 23, 2003
methanol:3%formaldehyde in 2 mM sodium borohydride [pH 9.0]; Published: July 1, 2003
see also Rogers et al. [20]), and double labeled with anti-EB1 and
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